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157] ABSTRACT

A grade calculating circuit (FIG. 1) used for fuzzy
inference computation is disclosed. The circuit calcu-
lates input label grades based on the relationships be-
tween input data (Xi) and the input labels, defined by
membership functions (MF) having at least one inchined
line segment (FIG. 3), said grades having the upper and
lower limit values (gmax, Emin). The circuit comprises:
memory (20) for memorizing the input label member-
ship functions by storing, for each of the membership
functions, a function form type code, a bending point
(Xo) at an end of the inclined line segment and a multi-
plication rule which designates a multiplier (27+27)
proportional to the inclination of the inclined line seg-
ment: a horizontal distance calculating circuit (40) for
calculating a horizontal distance (Xi - X0) between an
input datum (Xi) and the bending point (Xo) for said
each of the membership functions; a multiplication cir-
cuit (50) for performing operation according to said
multiplication rule on said horizontal distance, to pro-
vide a grade value determined by the inclined line seg-
ment with respect to the horizontal distance; and a
selecting circuit (60) for selecting one value as an input
label grade, from the grade value provided by the multi-
plication circuit, the upper limit grade value of the
membership function and the lower limit grade value of
the membership function.

4 Claims, 4 Drawing Sheets
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GRADE CALCULATING CIRCUIT FOR FUZZY
| - INFERENCE

FIELD OF THE INVENTION

The present invention, in general, to a fuzzy inference
system which is utilized for controiling various con-
sumer electronics, automobiles and the like. More par-
ticularly, the invention relates to a grade calculating
circuit used in the fuzzy inference system. Such grade
calculating circuit calculates grades of input labels
based on relationships between input data and the mem-
bership functions.

BACKGROUND OF THE INVENTION

It is well known in the art to widely use fuzzy logic
control based on fuzzy inference in controlling various
consumer electronics, household appliances, automo-
biles, cameras and the like. In the fuzzy control, in gen-
eral, if fuzzy conception or fuzzy condition “A” holds
well, then control “X” is executed. This proposttion is
represented by a fuzzy rule “if A then X”. More specifi-
cally, control “X” is executed in a degree determined by
how well a fact indicated by input data conforms to
fuzzy conception “A”. In this fuzzy rule, A is referred
to as “antecedent” and X as “consequent”. The degree
of conformity of the fact to fuzzy conception A 1s called
~ “orade”. The grade is a function of input data. There-
fore, it is necessary to calculate such grade with regard
to each fuzzy conception. An input label 1s used for
identifying each input fuzzy conception or condition.
Accordingly a fuzzy conception is referred to also as an
input label. An input label membership function defines
the relationship between input data and an input label,
and is stored in an MF-ROM. As shown in FIG. §, a
grade calculating circuit is provided in the fuzzy infer-
ence system, which calculates mput label grades (g1)
based on input data (Xi) and input label membership
functions. The calculated grades are supplied to a min-
max computing circuit, where output label grades are
computed and then supplied to defuzzification circuit.
The final output data are provided from the defuzzifica-
tion circuit. -

In the fuzzy inference system mentioned above, mul-
tiple input channels are provided to receive multiple
input data such as velocity, pressure and temperature.
And multiple input labels are defined in each of the
input channels. The system also has multiple output
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In FIG. 4C, a 7 type function,
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Prior art grade calculating circuit judges the magni-
tude relationship between input data (Xi) and a plurality
of bending points (X, X), X3, X3). Depending on the
judgment, interpolation calculations such as (Xi-
X0)/(X1—~Xp) are performed. In order to perform the
Jjudgment on magnitude relationships, it was necessary
to prepare memory area for storing all four bending
points for each of the input membership functions. In
order to perform the interpolation calculations, 1t was
necessary to prepare memory area for storing two incli-
nations. Therefore, a large 6 byte data field was needed
in total for each of the membership functions. However,

- memory size 1s required to be as small as possible.
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channels to produce multiple output data such as on/off sg

switch signal and valve control signal. And multiple
output labels are also defined in each of the output
channels. Therefore the total number of the input label
grades, each of which needs calculation, becomes sig-
nificantly large, being equal to the number of input
channels times the number of input labels per mput
channel.

A membership function for each of the input labels is
previously stored in MF-ROM. A grade calculating
circuit is provided in the fuzzy inference system, which
calculates input label grades (gi) based on input data
(Xi) and mnput label membership functions. The mem-
bership functions may take the forms as A type, Z type,

S type and 7 type, each consisting of flat line portions

and inclined line portions. For example, a A type func-
tion consists of flat portions having the lower limit

grade gmin.and inclined line portions as shown in FIG.
4A. In FIG. 4A,

35
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Prior art fuzzy control systems have been used
mainly in low speed control applications such as home
appliances. However, when fuzzy control systems are
desired to be used in high speed and relatively compli-
cated control applications such as cruise controls or
suspension control of vehicles and the like, computing
speed should be significantly improved to typically
1000 times faster than the conventional one. The 1m-
provement of the computation speed is achieved by
synergistically tuning three computation stages: the
grade calculations of input labels, the min-max opera-
tions performed on the input label grades to obtain
output label grades, and the calculations of center of
gravity of output label’s membership functions.

Even in a relatively small 8-bit circuit, the division of
(X1-X0)/(X1—Xp) typically needs at least 8-10 clock
cycles, which is an obstacle to speed up grade calculat-
ing circuit. If 6 byte data are processed in parallel in
order to reduce the operation time, a large number of
hardwares such registers, comparators or logic circuits
should be arranged, resulting too much of hardwares.

SUMMARY OF THE INVENTION

Accordingly, it 1s an object of the present invention 1s
to provide an improved grade calculating circuit for
fuzzy inference system.

More particularly, it 1s an object of the present inven-
tion to provide such an grade calculating circuit which
can perform grade calculation very fast without in-
creasing memory capacitance or hardware amount.

‘These and other objects and advantages of the pres-
ent invention are provided by a grade calculating cir-
cuit (FIG. 1) used for fuzzy inference computation, for
calculating grades of input labels based on the relation-
ships between input data (Xi) and the input labels, de-
fined by membership functions (MF) having at least one
inclined line segment(FIG. 3), said grades having the
upper and lower limit values (8max, Emin), COMprising:
memory means (20) for memorizing the input label
membership functions by storing, for each of the mem-
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bership functions, a function form type code, a bending
point (Xo) at an end of the inclined line segment and a
multiplication rule which designates a multiplier
(274-2m) proportional to the inclination of the inclined
line segment; a horizontal distance calculating circuit
(40) for calculating a horizontal distance (Xi-Xo) be-
tween an mput datum (Xi) and the bending point (Xo)
for said each of the membership functions; a multiplica-
tion circuit (S0) for performing operation according to
said multiplication rule on said horizontal distance, to

provide a grade value determined by the inclined line

segment with respect to the horizontal distance; and a
selecting circuit (60) for selecting one value as an input
label grade, from the grade value provided by the multi-
plication circuit, the upper limit grade value of the
membership function and the lower limit grade value of
the membership function.

These and other objects and advantages of the pres-
ent invention will be apparent from the detailed descrip-
tion below taken together with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of a grade calculating cir-
cuit according to a preferred embodiment of the present
invention.

FIG. 2 illustrates an example of data structure of
membership functions stored in MF-ROM shown in
FIG. 1.

FIG. 3 shows a preferred embodiment of membership
functions to illustrate grade calculating method accord-
Ing to the invention.

FIG. 4 shows a prior art membership functions and
grade calculating method.

FIG. 5 shows an outline of a fuzzy inference system
to 1llustrate a role of a grade calculation circuit in the
system.

DETAILED DESCRIPTION OF THE
INVENTION

F1G. 1 is a block diagram of a grade calculating cir-
cult according to a preferred embodiment of the present
invention. The grade calculating circuit includes a CPU
bus 10, an MF-ROM 20, an input data register 30, a
distance calculating circuit 40, a distance multiplication
circuit 50, an output selection circuit 60, a minimum
value selection circuit 70, a controller 80 and a grade
bus 90 which outputs calculation results to a min-max
computing circuit (not shown). Controller 80 supplies
timing signals and control signals to each of the above
circuits to control their operations.

According to a preferred embodiment, membership
functions stored in MF-ROM 20 have a 2-byte width
structure shown in FIG. 2. Each of the membership
functions includes an 8-bit bending point field, 6-bit
multiplication rule field and 2-bit type field. 2-bit func-
tion type codes (00), (10), (01) and (11) in the type field
define 4 types of membership functions, A, S, Z and 7r.
An 8-bit (one word) datum in bending point field de-
fines the position of the only one bending position of
each membership function. Each of the A function, S
function and Z function has the only bending position.

‘The 7 function may be defined by a combination of Z
function and S function as shown in FIG. 3(C)-(E).
That is, the 7 type membership function is defined with
two word data representing Z function having the only
bending point Xo and X function having the only bend-
ing point Xo'. As for grade calculating, a grade g;is first
calculated based on the preceding Z function, and then
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a grade g;' 1s calculated based on the S function. Either
smaller one of the grade g; or g/ is adopted as the final
grade of the 7 function. A special process for the grade -
calculation of the 7 function will be described later in
detail.

A grade calculation for the A, S and Z functions
according to the embodiment is now described with
reference to FIGS. 3A through 3G. The inclination of
an mclined line segment of each of the membership
functions is represented by tangent ©. The O is an an gle
between the horizontal line and the inclined line, as
shown in FIGS. 3A through 3E. The grade g; can be
obtained by multiplying a horizontal distance (Xi-X0)
by tangent O. The value of tan© is discretely defined by
a combination of exponential 27 to reduce memory size
and operation speed. In this embodiment, exponents n
are classified to two groups, odd exponents 1, 3 and 5
and even exponents 2, 4 and 6 as shown in FIG. 2.
Therefore, both any one odd exponent and any one
even exponent are separately stored in an inclination
tield within the multiplication rule field. The remainin g
2-bit field within the multiplication rule field has selec-
tion information indicating which exponent, odd or
even or both should be used for calculating an input
label grade.

To start calculating the first input label grades, con-
troller 80 requests an upper level device such CPU (not
shown) to transfer input data. In response to this trans-
fer request, input data for 8 input channels are provided
on CPU bus 10 and are stored in input data register 30.
Input data for the first input channel is supplied from
nput data register 30 to an adding input terminal of a
subtracter 41 in response to read-out instruction by
controller 80. This read-out instruction also cause MF-
ROM 20 to output the first input label membership
function.

Among the first input label membership function read
out from MF-ROM 20 synchronizing with clock, bend-
ing point information (Xo) is supplied to a subtracting
input terminal of subtracter 41, where the calculation of
distance (Xi-Xo) is performed. The word “distance” is
used herein for representing both distance magnitude
only and the magnitude with polarity. The calculated
distance (with polarity) is stored in a distance register
42. A carry bit indicating the polarity (positive or nega-
tive) of the distance is stored in a polarity register 43.
The multiplication rule and function type code within
the membership function are supplied to and stored in a
multiplication rule register 53 and a type register 81,
respectively.

The horizontal distance stored in register 42 is sup-
plied to a depolarizing circuit 44 which comprises an
inverter and a switch controlled by the carry bit stored
in register 43. The horizontal distance is changed to its
magnitude by de-polarizing circuit 44 and then supplied
to both shift registers 51 and 52. In shift register 51, the
distance magnitude is multiplied (shifted fight) by 1, 3
or 5 bits. In shift register 52, the distance magnitude is
multiplied (shifted fight) by 2, 4 or 6 bits. Then these
two shifted distance magnitudes are respectively sup-
plied to each input terminal of an adder 54. Adder 54
selects either one of the shifted output from register 51
or d2, or the addition of both, depending on the selec-
tion signal from multiplication rule register 53.

As a result, multiplier elements used for multiplying
the distance magnitude may be any one of three odd
exponential 21, 23 or 23, or any one of three even expo-
nential 22, 24 or 29, or any one of nine combinations of
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any one of the odd exponentials and any one of the even

exponentials. That is, the multiplier may have any one
of 15 values: 2, 4, 6, 8, 12, 16, 18, 24, 32, 36, 48, 64, 66,
72 and 96.

The multiplied distance (gmg) means a value
(gmax—gi)- When the multiplied distance g4 exceeds
the maximum height (gmax—gmin), @ carry bit 1s pro-
vided from shift register 51 or 52 or adder §4. 1t 1s easily
realized by approximating the upper limit gmqx by the
maximum value (FF)H of 8-bit data. The lower limit
g min corresponds to the minimum (00)z. This carry bit is
stored in a carry register 67 through an OR gate 66.

In an output selection circuit subsequent multiplica-
tion circuit 50, a complement calculator 61 subtracts the
multiplied distance (g,q¢) from the upper limit g,ax
stored in a register 62 to get a grade g; of the inclined
line and then supply it to a grade register 63.

According to the combination of the function type
code from register 81, the polarity of the horizontal
distance from register 43 and the carry bit from register
67, controller 80 sends a selection mnstruction signal to a
selector 68 to cause it to select adequate one of the
calculated grade g;stored in register 63, the upper limit
2 max Stored in a register 64 or the lower limit g,,;, stored
in a register 65. | -

If a currently processed membership function i1s Z
type and the carry bit from register 43 indicates nega-
tive polarity, selector 68 selects the upper limit g;,qx as
an input label grade (See FIG. 3B). If a currently pro-
cessed membership function i1s S type and the carry bit
from register 43 indicates positive polarity, selector 68
selects the upper limit g,,,x as an input label grade (See
FI1G. 3E). If a currently processed membership function
is A type and a horizontal distance is zero, selector 68
may selects the upper limit g,,4x as-an input label grade
(See FIG. 3A). Selector 68 selects the lower limit gmn
in any one of the three cases: when a currently pro-
cessed membership function is Z type and a horizontal
distance is positive, when a membership function i1s S
type and a horizontal distance 1s negative, and when a
membership function is A type, a horizontal distance 1s
not zero and the carry bit from register 67 indicates that
a multiplied distance g,,q4 exceeds the maximum height
(8max—Egmin)- Otherwise, selector 68 selects the calcu-
lated grade gi. |

If a currently processed membership function is A, Z
or S type, a selector 71 selects the output from selector
68 and supply it onto a grade bus 90.

The operation of the grade calculating circuit of this
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type function. If Xo<Xi, the grade g;/ for S type is
Emax, and therefore the smaller grade g; for Z type is
selected. If Xi<Xo’, the grade g;for Z type is gmax, and
therefore the smaller grade g/ for S type is selected.

Synchronizing with outputting the calculated grade
onto grade bus 90, controller 80 provide an input label
code onto a label bus 91. The label code identifies an
input label which is associated with a current grade on
bus 90. In case of outputting the minimum grade gmin
onto bus 90, controller 80 may provide an invalid flag
onto a signal line 92 in order that the subsequent stage
can identify the minimum grade (OO)H as an invalid
data.

After the distance calculation 1s completed for the
first input label, controller 80 causes MF-ROM 20 to
send out the next input label membership function and
starts calculating the horizontal distance for the next
function. After the last input label is processed with
regard to the first input data, controller 80 causes input
data register to send out the next input data to start

- calculating on the next data.
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embodiment for the 7 type function is now explained. If 50

a currently processed function is 7, a first grade g;

calculated for Z type function is first stored 1n a preced-
Ing register 72, and then a next grade g; calculated for
S type function is supplied to a minimum value circuit

73. Minimum value circuit 73 selects a smaller one of 55

the grades g;and g;’ and output it to selector 71. Selec-
tor 71 selects the output from circuit 73 and output it
onto grade bus 90 under control of controller 80.

In this manner, by selecting a smaller one of the grade
g;of Z type function and the grade g;’ of S type func-
tion, a grade of 7 type function 1s obtained as seen from
FIG. 3C-E. Because the inclinations Os for Z and S
type functions can be different from each other, asym-
metric 7 function can be defined.

In the embodiment shown in FIG. 3C-E, if an input
data X1 has a relationship Xo' < Xi<Xo, the calculated
grades g;and g, for Z and S types are both gmax, and
therefore g,qx Is selected as an input label grade for 7

65

Distance calculating circuit 40, distance multiplica-
tion circuit 50 and output selection circuit 60, which
.are cascaded as shown 1n FIG. 1, sequentially process
mput labels outputted one by one from MEF-ROM 20 at
the speed of one label per one clock cycle. Therefore
three clocks after reading of the first input label from
MF-ROM, calculated grades are sequentially outputted
onto grade bus 90 with speed of one grade per one clock
cycle. However, the calculation of a grade for 7 func-
tion needs one more clock. In this manner, high speed
operation as fast as table ROM methods can be obtained
without requiring large memory.

As described above, output selection circuit 70 out-
puts the maximum grade g,y and the minimum grade
gminas well as the calculated grade g;onto bus 90. How-
ever, instead of these maximum and minimum values,
special flags may be used, which indicate the grade
value 1s (FF)y or (00)g. The subsequent circuits may
take special procedures in response to such flags.

While the present invention has been shown and
described with reference to a particular embodiment
thereof, various modifications and changes thereto will
be apparent to one skilled in the art and are within the
spirit and scope of the present invention.

We claim:

1. An all-digital grade calculating circuit for use in a
fuzzy inference system, comprising:

a) input means for receiving a digital data input value

representing an unfuzzified input;

b) a first memory having a plurality of storage loca-
tions for storing a plurality of digital membership
functions, each of the plurality of storage locations
contains a one of the plurality of digital member-
ship functions, each digital membership function
comprises:

1) a first bit field representing a bending point of the
digital membership function;

1) a second bit field representing a multiplication
rule of the digital membership function; and

111) a third bit field representing a type code of the
digital membership function;

c) first accessing means for accessing the first mems-
ory to retrieve a one of the plurality of digital mem-
bership functions;

d) digital subtraction circuit means having a first
input coupled to receive the digital data input value
from the input means and a second input coupled to
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recetve the first bit field of the one of the plurality
of digital membership functions retrieved from the
first accessing means, the digital subtraction circuit
means outputting a digital distance value output
that 1s equal to the difference between data values
presented to the first and second inputs of the sub-
traction circuit means:

e) first digital shifter circuit means having a first input
coupled to receive the digital distance value from

the digital subtraction circuit means and having a 10

second input coupled to receive the second bit field
of the one of the plurality of digital membership
functions retrieved from the first accessing means,
the first digital shifter circuit means outputting a

8

field of the one of the plurality of digital member-
ship functions retrieved from the first accessing
means, an amount of shift applied to the digital
distance value by the second digital shifter circuit
means 18 different from the amount of shift applied
to the digital distance value by the digital shifter
circuit means; and

combiner means having inputs coupled to receive the

multiplied digital distance value from the first digi-
tal shifter circuit means and to receive the second
multiplied digital distance value from the second
digital shifter circuit means and to receive the sec-
ond bit field of the one of the plurality of digital
membership functions retrieved from the first ac-

multiplied digital distance value output that is 15 cessing means, the combiner means combining,
equal to the digital distance value shifted by an under control of the second bit field of the one of
amount specified by the second bit field of the the plurality of digital membership functions re-
retrieved digital membership function; and trieved from the first accessing means, one of the
f) selection means coupled to receive the multiplied multiplied digital distance value, the second multi-
digital distance value and having an input for re- 20 plied digital distance value and an arithmetic com-

ceiving the third bit field of the one of the plurality
of digital membership functions retrieved from the
first accessing means, the selection means selecting

bination of the multiplied digital distance value and
the second multiplied digital distance value to the
selection means.

a, digttal grade output that is equal to one of the 3. The all-digital grade calculating circuit according
multiplied digital distance value, a predetermined 25 to claim 2 wherein:

maximum digital grade and a predetermined mini- the first digital shifter circuit means is for shifting the
mum digital grade under control of the third bit digital distance value by one of a first predeter-

field. mined set of shift amounts; and
2. The all-digital grade calculating circuit according the second digital shifter circuit means is for shifting
to claim 1 further comprising: 30 the digital distance value by one of a second prede-

termined set of shift amounts, the first and second
predetermined sets of shift amounts having no shift

second digital shifter circuit means having a first
input coupled to receive the digital distance value
from the digital subtraction circuit means and hav- amounts in common.
ing a second input coupled to receive the second 4. The all-digital grade calculating circuit according
bit field of the one of the plurality of digital mem- 35 to claim 3 wherein the combiner means further com-
bership functions retrieved from the first accessing prises:
means, the second digital shifter circuit means out- adder means for adding the multiplied digital distance

putting a second multiplied digital distance value
output that is equal to the digital distance value
shifted by an amount specified by the second bit
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value and the second multiplied digital distance

value. )
* * * - 4 X
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